Background-In people with early autosomal dominant polycystic kidney disease (ADPKD) average total kidney volume (TKV) is three times normal and increases by an average of 5% per year despite seemingly normal glomerular filtration rate (GFR). We hypothesized that increased TKV would be a source of morbidity and diminished quality of life that would be worse in subjects with more advanced disease.
N SECTION: Because a quorum could not be reached after those editors with potential conflicts recused themselves from consideration of this manuscript, the peer-review and decision-making processes were handled entirely by an Associate Editor (Kamyar Kalantar-Zadeh, MD, MPH, PhD) who served as Acting Editor-in-Chief. Details of the journal's procedures for potential editor conflicts are given in the Editorial Policies section of the AJKD website. Table S1 : Symptoms of abdominal fullness in past 3 months by eGFR. Table S2 : htTKV values by pain survey responses in participants with eGFR >60. Table S3 : htTKV values and symptoms of abdominal fullness in participants with eGFR >60. Table S4 : Spearman correlations of SF-36 with htTKV overall and by sex. Note: The supplementary material accompanying this article (doi:______) is available at www.ajkd.org that arises from an exaggerated pelvic tilt and increased lumbar lordosis [3] . The average rate of kidney growth among individuals with early disease (eGFR > 60 mL/min/1.73 m 2 ), was estimated at 5.3%±4.0% per year in the Consortium for Radiologic Imaging for the Study of Polycystic Kidney Disease (CRISP) Study, and this has been consistent across studies [4] [5] [6] . The kidneys are estimate to double in size over eight years [7] . Liver cysts are very common, found in 85% of individuals >30 years of age in the CRISP cohort at baseline [8] , and further contribute to abdominal distension and symptoms related to increased abdominal mass. The continuous enlargement of the kidneys and liver occurs well before reaching ESRD and can be the source of severe morbidity that is different than that associated with declining kidney function or its treatment.
Supplementary Material
Formal study of the impact of ADPKD on quality of life has been limited. While some studies have described symptoms [9] [10] [11] , the impact on daily living and the changes that occur with disease progression have not been systematically characterized. The largest study to date consisted of 101 patients with preserved GFR (eGFR >70 mL/min/1.73 m 2 ) who completed the 36-Item Short Form Health Survey (SF-36) and at the same time had TKV measured by MRI [12] . Results showed that SF-36 scores were well preserved and much better than those of other CKD patients, but did not correlate with TKV. However, this study was limited by its small sample size, the use of a generic HRQoL instrument only and the lack of selection for patients at high risk for progression to ESRD (e.g. presence of hypertension).
The HALT PKD Trials consist of two randomized clinical trials that are examining combination ACE inhibitor/ARB use as compared with ACE-I use alone in hypertensive patients with eGFR >60 mL/min/1.73 m 2 (Study A) and eGFR 25-60 mL/min/1.73 m 2 (Study B) [13] . Participants completed the SF-36 [14] and a modified [9] version of the Wisconsin Brief Pain Survey [15] , at baseline, prior to intervention. This provides a unique opportunity to describe the symptoms and their interference with daily living at early through to more advanced stages of ADPKD. We hypothesized that symptoms, including pain and mass effects, would be worse in individuals with larger kidneys. Kidney volume was measured by MRI at the time of questionnaire administration in Study A patients only. Even though total kidney volume (TKV) was not measured in Study B patients, we hypothesized that there would be a relationship of pain and symptoms with disease severity (as defined by eGFR) in Study B patients, given the known strong inverse correlation of GFR with TKV [7, 16, 17] .
Methods

Study Population
The design and implementation of the HALT-PKD Trials and the baseline characteristics of this population have been reported in detail elsewhere [13] . Briefly, the HALT-PKD trials are two prospective randomized double-blind placebo-controlled multicenter interventional trials testing whether multilevel blockade of the RAAS using angiotensin-converting enzyme (ACE) inhibitors plus angiotensin receptor blockers (ARBs) (lisinopril plus telmisartan) combination therapy will delay progression of kidney disease compared with ACEI (lisinopril plus placebo) monotherapy in studies A and B, and whether low blood pressure control (95-100/60-75 mmHg) will delay progression as compared with standard control (120-130/70-80 mmHg) in study A. In study A, patients are aged 15-49 years with eGFR >60 ml/min/1.73 m 2 , whereas in study B, patients are aged 18-64 years with eGFR of 20-60 ml/min/1.73 m 2 . All patients undergo a formal screening visit to verify eligibility, diagnosis of ADPKD, and assignment to study A or study B, based on eGFR. All HALT-PKD participants are hypertensive, as defined by current use of antihypertensive medications for blood pressure control or systolic blood pressure of >130 mmHg and/or a diastolic blood pressure of >80 mmHg on three separate readings within the past year.
HRQoL Measurement
Patients completed the SF-36 [18] and a modified version [9] of the Wisconsin Brief Pain Survey [15] while attending the baseline visit. The pain questionnaire consisted of questions that asked about the location, frequency and intensity of pain, treatments that had been used and their effectiveness in relieving pain and the degree to which pain interfered with activities of daily life. The patients completed the questionnaires without assistance from study staff.
Statistical Analyses
Patients were categorized into three groups based on their eGFR values. eGFR was estimated from the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) creatinine equation standardized for a body surface area of 1.73 m 2. The cutpoints for eGFR subgroups were 20-44, 45-60 and >60 ml/min/1.73 m 2 . Individual items on the pain questionnaire were primarily dichotomous (yes/no) and were analyzed as such. For questions that had Likert-type answers (never, rarely, sometimes, often, usually, always), the first two responses were consolidated as well as the last three, resulting in three distinct groups. Pain questionnaire items were compared across eGFR groups within genders using Fisher's exact test or Kruskal-Wallis. SF-36 component scores were summarized by sample means and compared across the three eGFR groups within genders using the Kruskal-Wallis test. The relationship between pain and height-adjusted total kidney volume (htTKV) was quantified by computing the median htTKV for each answer of a particular pain question. Spearman rank correlations (r) were calculated between htTKV and each SF-36 component to investigate the relationship between quality of life and kidney enlargement. In addition, median SF-36 component scores were compared to age-and gender-matched median component scores from the general population. In addition to 'within gender' analyses, pain questionnaire responses were also compared between genders while collapsing across eGFR and htTKV categories. Due to the between-gender variability in htTKV, the analyses on kidney volume was conducted within and across genders. For analyses that compared more than two groups, Bonferroni-adjusted significance levels were used to account for pairwise comparisons.
Results
Study Participants
The SF-36 questionnaire and pain survey were completed at baseline by 552 of 558 (98.9%) and 555 of 558 (99.5%) of Study A patients, and 479 of 486 (98.6%) and 480 of 486 (98.8%) of Study B patients, respectively. Baseline characteristics of participants across eGFR levels are as described in Table 1 and in a prior publication [17] . Patients in the eGFR 20-44 mL/min/1.73 m 2 subgroup were older, had a longer time interval since diagnosis of ADPKD, were more likely to be married and to have a college education, and were a little more likely to be retired or disabled. The mean eGFR values in the eGFR strata of 20-44, 45-60, and >60 mL/min/1.73 m 2 , respectively, were 36.8 ± 5.3 (standard deviation), 52.4 ± 4.5, and 84.7 ±18.3 mL/min/1.73 m 2 .
Pain and Effects on Daily Living Across eGFR Subgroups
Back pain was present in 51% of patients in the past 3 months, of whom 30% experienced it 'sometimes' and 21% experienced it 'often, usually or always' ( Table 2 ). Back pain frequency over the past 3 months did not vary by eGFR subgroup in men or women. Abdominal pain was reported as 'often, usually, or always' by 14.6%, 11.2%, and 5.6% of men with eGFR of 20-44, 45-60, and >60 mL/min/1.73 m 2 (p=0.05), respectively; there was no difference in women by eGFR subgroups. The intensity of back, radicular and abdominal pain on average or at their worst (data not shown) was also not associated with eGFR. Eighty of 450 (18%) subjects treated for pain were 'completely or very dissatisfied' with their physical ability to do what they wanted and this also did not vary by level of kidney function. Pain was, however, more likely to interfere with daily life among those with lower as compared with higher eGFR. More men with eGFR of 20-44 mL/min/1.73 m 2 compared to men with 45-60 and >60 mL/min/1.73m 2 , respectively, reported that pain interfered moderately to extremely with work (14.0% vs. 3.8% vs. 10.2%; p=0.04), strenuous activity (25.5% vs. 14.2% vs. 14.3%; p=0.02), and social activities (12.5% vs. 1.9% vs. 7.5%; p=0.02). More women with eGFR of 20-44 mL/min/1.73 m 2 reported moderate to extreme interference with walking due to pain than women with 45-60 and >60 mL/min/1.73 m 2 (22.8% vs. 18.3% vs. 12.3%, respectively; p=0.03). Over the counter and prescription pain medications were not used with increased frequency among subjects with lower vs. higher eGFR. Women were more likely than men to experience pain, pain was more likely to interfere with daily activities, and use of pain medication was higher in women than men.
Early Satiety and Abdominal Fullness Across eGFR Subgroups
Approximately 20% of participants (varied across items) experienced symptoms relating to abdominal fullness (Figure 1A-D; Table S1 , available as online supplementary material). Women experienced more abdominal fullness symptoms than men at all levels of eGFR. Women in the eGFR 20-44 mL/min/1.73 m 2 subgroup were more likely than those in the 45-60 and >60 mL/min/1.73 m 2 subgroups to report that their abdomens had gotten bigger in the past year (49.0%, 44.0% and 33.8%, respectively; p=0.01) and that they ate less "sometimes, often, usually or always", due to abdominal fullness (39.2%, 30.3% and 24.2%, respectively; p=0.05). More men in the eGFR 20-44 mL/min/1.73 m 2 subgroup as compared with the 45-60 and >60 mL/min/1.73 m 2 subgroups reported that abdominal fullness interfered with usual activities 'somewhat, often, usually or always' (20.6%, 15.3%, and 11.1%, respectively; p=0.2) and early satiety (22.8%, 17.5% and 13.9%, respectively; p=0.2), but these differences did not reach statistical significance.
SF-36 Scores By eGFR
SF-36 scores were lower among patients with eGFR of 20-44 mL/min/1.73 m 2 than among patients with higher eGFRs for Physical Functioning, Role Physical, General Health, Vitality, and the Physical Component Summary Scores (Table 3) . Per Figure 2 , SF-36 scores in ADPKD patients with eGFR >60 mL/min/1.73 m 2 were the same as or higher than their age-matched general population for all but the General Health domain. The same pattern was found for SF-36 scores among ADPKD patients with eGFR of 45-60 mL/min/1.73 m 2 and 20-44 mL/min/1.73 m 2 as compared with the age-matched general population.
Relationship of htTKV With Pain and Effects on Daily Living in Early Disease
Among patients with eGFR >60 mL/min/1.73 m 2 , htTKV was not related to the frequency or intensity of back, abdominal or radicular pain in females or males (Table S2 ). A relatively large proportion of patients reported that pain interfered with mood (17%), relations with others (11%), walking ability (11%), sleep (20%), work (13%), strenuous physical activity (18%), social activities (12%) and enjoyment of life (13%), although htKTV was not higher among those reporting these interferences as compared with those who did not. Findings were consistent in males and females.
There were 101 of 540 (19%) patients with eGFR >60 mL/min/1.73 m 2 and htTKV >1000 mL/m, 70% of whom were male. We found that more of these patients reported back pain in the past 3 months than in the full population with eGFR >60 mL/min/1.73 m 2 , although a sizable proportion (approximately40%) never or rarely experienced it. As shown in Table 4 , htTKV was greater in patients experiencing more frequent back pain (1373 vs. 1167 mL/m for 'often-always' vs. 'never-rarely', resepectively; p=0.08), greater intensity of back pain (1349 vs. 1073 mL/m 2 for '3' vs. '0' pain on a Likert scale, respectively; p=0.03), and/or who reported that pain interfered moderately to extremely with their mood (1471 vs. 1246 mL/m for 'yes' vs. 'no', respectively; p=0.007) and/or relations with others (1496 vs. 1282 mL/m for 'yes' vs. 'no', respectively; p=0.02) than those who do not have these symptoms or interferences. For other pain questions, patients experiencing greater pain or pain impact had greater htTKV, but these findings were not statistically significant.
Relationship of htTKV With Symptoms of Abdominal Fullness in Early Disease
In early disease (eGFR >60 mL/min/1.73 m 2 ), htTKV was higher (1011 mL/m) among men reporting that abdominal fullness interfered 'often, usually or always' with usual activities and eating, as compared with those reporting less (624.2 mL/m) or no interference (692.6 mL/m), but the number of severely affected men was small and the differences were not statistically significant (Table S3 ). No associations were found between htTKV and symptoms relating to abdomen fullness in women with eGFR >60 mL/min/1.73 m 2 . When restricted to the individuals with htTKV>1000 mL/m, there were no differences in statistical significance of relationships of htTKV and abdominal fullness symptoms from those shown in the full population with eGFR>60 mL/min/1.73 m 2 (data not shown).
Relationship of TLV With Pain and Abdominal Fullness in Early Disease
There were 69 of 540 (13%) patients with eGFR >60 mL/min/1.73 m 2 and total liver volume (TLV) >2500 mL, 34 (49%) of whom were female. We found no relationship of TLV with responses to pain items in these patients (data not shown). Similarly there were no differences in the relationship of TLV with abdominal mass symptoms (data not shown), from those found with htTKV (Table S3 ) with the exception that for "ate less due to abdominal fullness" in males, there was a statistically significant relationship of increasing TLV (p=0.03), while it was borderline significant with htTKV (p=0.06).
Correlation of htTKV With SF-36 Scores in Early Disease
Correlations between htTKV values and SF-36 domain scores were weak and none were statistically significant within men or women with eGFR >60 mL/min/1.73 m 2 (Table S4 ).
Discussion
This is to our knowledge the largest comprehensive study of the experiences in daily living among individuals with ADPKD and eGFR >20 mL/min/1.73 m 2 , with comparisons across htTKV and eGFR levels. As has been previously reported, pain is common and, even early in disease (eGFR>60 mL/min/1.73 m 2 ), pain affects a relatively high proportion of patients with basic activities, such as walking (11%) and sleep (20%). However, we found that pain is not related to kidney size in early disease, except in individuals with the largest kidneys (htTKV >1000 mL/m). Our findings show that pain interferes with daily activities more in patients with eGFR <45 mL/min/1.73 m 2 as compared with patients at higher eGFR levels. Moreover, we observed that symptoms relating to abdominal fullness are greater among subjects at lower vs. higher eGFR levels, but this was statistically significant only in women. The implication of these findings for research is that a minimum htTKV should be part of the eligibility criteria for clinical trials testing cyst-reducing therapies in early disease, as effects on pain and HRQoL will be more likely to be found in patients with larger kidneys. Both pain and symptoms of abdominal fullness are correlated with eGFR at lower eGFR levels (20-44 mL/min/1.73 m 2 ). If organ enlargement is the reason for these symptoms, then a therapy that reduces cyst growth, if applied early enough in the course of disease, may reduce the later development of these symptoms.
The absence of a strong association between kidney size and pain in early disease is unexpected, but is consistent with a prior study that showed no relationship of TKV with SF-36 bodily pain scores in a cohort of individuals with a mean eGFR of 65.1±33.1 mL/min/1.73 m 2 [3] . One possible explanation for this is that cyst size and location is more important than the total number of cysts or total kidney size in causing pain. It is also possible that more patients experience pain, but do not recognize it until after they have had cyst reduction surgeries. Our study includes nearly 500 individuals with eGFR <60 mL/ min/ 1.73 m 2 who would be expected to have a higher htTKV than those represented in the prior study, given the strong inverse correlation between eGFR and TKV [7, 16, 17] . We still do not find a strong relationship of disease stage (defined by eGFR) with patients' report of pain frequency at eGFR <60 mL/min/ 1.73 m 2 , although we observed an increase in reported interference by pain on daily activities in subjects with eGFR of 20-44 vs. 45-60 and >60 mL/min/1.73 m 2 . This might suggest that patients are restricting their activities, but they do not realize that it is because of pain. We believe that the increase in interference with daily activities with lower eGFR is a reflection of symptoms due to organ enlargement (pain + abdominal fullness symptoms) and is an extension of the relationship of htTKV and pain found in the patients with early disease (eGFR >60 mL/min/1.73 m 2 ) and htTKV >1000 mL/m. Another possible explanation, other than organ enlargement, is that a patient's ability to cope with pain or abdominal fullness symptoms is reduced because of older age and/or reduced kidney function.
The finding of a relationship of abdominal fullness symptoms with lower eGFR in females but not males may be due to larger liver size in females, which has been previously observed and is attributed to estrogen responsiveness of liver cysts [8] . Unfortunately, we cannot confirm this hypothesis as liver volumes were not measured in subjects with eGFR <60 mL/min/1.73 m 2 . That the enlarged organs as opposed to reduced kidney function are the cause of symptoms is supported by studies that show dramatic relief of symptoms and improvement in HRQoL after organ reduction therapy or removal [19] [20] [21] [22] . Even modest reductions in liver volume (4.95% ± 6.77%) with one-year treatment with octreotide in a blinded study, led to improvements in bodily pain and role emotional scales of the SF-36 [23] . More recently, a large randomized trial involving patients with eGFR >60 mL/min/ 1.73 m 2 has shown that treatment with tolvaptan was associated with a significant reduction in the rate of htTKV growth (2.8% vs. 5.5% per year) and episodes of severe pain (defined by need for hospitalization, narcotics or surgical intervention) [6] . The prevalence of less severe pain and quality of life at baseline or in response to treatment (to compare with this study) were not reported.
Our study would suggest that at the stages of disease represented here (largely CKD stages 1-3), most patients have symptoms but they do not greatly interfere with daily living. The absence of an effect on HRQoL, despite the high frequency of pain, suggests that in most patients these symptoms are mild or that patients have a tremendous resilience to adapt to their physical discomfort. This may be because they are comparing themselves to their family members with ADPKD who are on dialysis or have died, and thus view their current life circumstances favorably relative to them. The experience among individuals with CKD stage 4, which is not well represented here, and beyond, has not been systematically studied. Case reports of patients referred for organ reduction therapies or removal (most of whom have reached ESRD) indicate a high degree of morbidity from the enlarged organs including reduced mobility, imbalance , dyspnea, and progressive anorexia [21, 22] . The number of patients who experience severe morbidity and have not reached the need for renal replacement therapy is unknown, as we do not have large studies of the natural history, but, if significant, would justify a medical therapy that reduced cyst growth even if it had no effect on the rate of kidney function decline.
A final observation that warrants brief comment is the finding that females had more pain and reported greater interference with daily life than males for almost all of the pain questionnaire items. Numerous studies have shown differences in pain perception across genders exposed to the same painful stimulus, with results showing pain tolerance is greater in men [24, 25] . An alternate explanation is that women actually experience more pain and abdominal fullness symptoms, which may again be due to larger total organ mass (liver + kidney). Another possibility is that symptoms experienced with monthly menstrual cycles (bloating, cramps, pain), may be heighted by the presence of enlarged ADPKD organs.
A major limitation of this study is that it is based on participants of a clinical trial who may not be representative of the ADPKD population at large. Prior kidney cyst reduction surgery was an exclusion criterion and patients with pain and debility generally do not involve themselves in clinical trials, particularly where travel is involved. Thus, these results may underestimate the true incidence of pain. We did not have TKV or TLV measurements in subjects with eGFR <60 mL/min/1.73 m 2 and thus, we are unable to be certain whether the increase in abdominal fullness symptoms and pain interference at lower vs. higher eGFR level is due to organ enlargement. The pain questionnaire used in this study has not been previously validated in an ADPKD population. If this instrument lacks reliability and validity in this population, stronger relationships of pain with htTKV and eGFR may exist than were reported here. Patients who did not speak English were not enrolled in the study, thus these results may not generalize to non-English speaking patients. The cohort largely represents patients with early disease. Individuals with eGFR <20 mL/min/1.73 m 2 including patients who have reached ESRD are excluded from this study and it is likely that much more significant morbidity is seen in these patients. Finally, the cross-sectional nature of the data precludes making causal inferences.
In conclusion, in subjects with early disease (GFR >60 mL/min/ 1.73 m 2 ) pain is common, although it is not related to htTKV, except at htTKV >1000 mL/m. Symptoms relating to abdominal fullness were greater among patients with reduced eGFR, especially women, and may be related to organ enlargement. Further studies, with measurement of htTKV and htTLV in people with eGFR <60 mL/min/1.73 m 2 , are needed to better understand the role of organ enlargement in ADPKD with symptoms and HRQoL.
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Figure 1. ADPKD patients' reports of frequency of abdominal symptoms
1A There were no statistically significant differences in the frequency at which abdominal fullness interfered with usual activities across eGFR strata in men or women. 1B Women with eGFR 20-44 mL/min/1.73 m 2 were more likely than women with GFR 45-60 or >60 mL/min/1.73 m 2 to report that they ate less due to abdominal fullness (p=0.05). No differences by eGFR were seen in men. *Significant p-value <0.05 when comparing across eGFR groups 1C There were no statistically significant differences in the frequency at which patients reported that their appetite was poor due to abdominal fullness across eGFR strata in men or women. 1D Women with eGFR 20-44 mL/min/1.73 m 2 were more likely than women with eGFR 45-60 or >60 mL/min/ 1.73 m 2 to report that their abdomen had gotten bigger over the past year (p=0.01). No differences by eGFR were seen in men. *Significant p-value <0.05 when comparing across eGFR groups
Figure 2. SF-36 Scores in ADPKD Patients Compared with Age-Matched Healthy Controls
SF-36 scores in ADPKD patients with eGFR>60 mL/min/1.73 m2 were the same as or higher than their age-matched general population for all but GH. The same pattern was found for SF-36 scores among ADPKD patients with eGFR 45-60 and 20-44 mL/min/1.73 m 2 as compared with the age-matched general population. Abbreviations: PF physical functioning; RP role physical; BP bodily pain; GH general health; VT vitality; SF social functioning; RE role emotional; MH mental health 1 significant difference between general population (age 35-44 y) and ADPKD GFR >60 mL/min/1.73 m 2 population 2 significant difference between general population (age 45-54 y) and ADPKD eGFR 45-60 mL/min/1.73 m 2 population 3 significant difference between general population (age 45-54 y) and ADPKD eGFR 20-44 mL/min/1.73 m 2 population General population scores are based on respondents of the 1989 and 1990 General Social Survey (GSS), conducted by the National Opinion Research Center [14] Note: eGFRs expressed in mL/min/1.73 m 2 . Values for categorical variables are given as number (percentage); values for continuous variables, as mean ± standard deviation.
Abbreviations: eGFR estimated glomerular filtration rate; TKV, total kidney volume; TLV, total liver volume;
ADPKD, autosomal dominant polycystic kidney diseasê A small number of patients with baseline eGFR <60 mL/min/1.73 m 2 underwent magnetic resonance imaging because their eGFR was above 60 mL/min at the screening visit (when study arm was assigned).
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